The complexity of the human body derives from numerous modular building blocks assembled hierarchically across multiple length scales. These building blocks, spanning sizes ranging from single cells to organs, interact to regulate development and normal organismal function but become disorganized during disease. Here, we review methods for the bottom-up and directed assembly of modular, multicellular, and tissue-like constructs in vitro. These engineered tissues will help refine our understanding of the relationship between form and function in the human body, provide new models for the breakdown in tissue architecture that accompanies disease, and serve as building blocks for the field of regenerative medicine.
Investigating the relationship between tissue form and function with in vitro engineered tissues Humans contain trillions of cells spanning over 200 specialized subtypes. This complex cellular community grows within a web of extracellular matrix (ECM) to form the tissues and organs that perform the numerous functions of our bodies. Cells, tissues, and organs constitute a hierarchy of structures spanning tens of microns to meters, in which the arrangement of building blocks at one scale forms the building block for the next. A major goal of cell and developmental biology is to delineate how the form of the body -or the composition and physical organization of its building blocks -affects function at the level of tissues, organs, or the whole organism [1] . However, this remains a challenging goal because direct and general methods for controlling the relative spatial position of cells in tissues and organs do not exist.
One powerful approach for elucidating fundamental principles relating form to function is an engineering strategy that builds tissue-like structures ex vivo. Like studies in model organisms, tissue-engineering strategies can incorporate genetically modified cellular building blocks. Unlike studies using model organisms, however, tissue-engineering strategies are also compatible with the use of primary or immortalized human cells, advanced imaging techniques, and techniques that control the non-cellular components of the microenvironment. Most tissue engineering approaches are 'top down' and require the use of patterned substrates, molds, or ECM scaffolds to assist cells in finding their appropriate positions and differentiation states within a tissue. In principle, a 3D scaffold of ECM of the precise composition and organization can provide all the necessary structural and microenvironmental cues to direct the organization of individual cells into a functional tissue or organ, as evidenced by recent experiments using decellularized organs [2] . However, de novo construction of scaffolds with the requisite level of detail at all length scales is not currently possible. As a consequence, tissue reconstruction starting from cells or cell aggregates remains challenging, because mixtures of dissociated cells do not typically reconstitute complex tissue structures or functions without pre-organization into the correct 3D geometry. Therefore, additional means of controlling the spatial organization of cells or groups of cells will facilitate tissue engineering.
Bottom-up or synthetic approaches are emerging as valuable and alternative means to more prevalent topdown approaches for pre-organizing groups of cells into tissue-like structures. Bottom-up approaches are distinct from top-down approaches in that they link together simplified building blocks to generate objects that are structurally organized at larger length scales [3] . Directing the assembly of building blocks from the bottom up may provide enhanced control over the relative spatial arrangement of cells in engineered tissues when used together with currently available top-down approaches. In addition to the advantages of the top-down tissue engineering strategies outlined above, bottom-up methods have several other desirable features. First, they are inherently modular, allowing for the simple replacement of specific cells or nodes in a network of interacting cells, tissues, or organs (Box 1). This feature makes bottom-up engineering attractive as a versatile method for incorporating multiple cell types into tissues as well as for building different tissue types or states (for example, functional or pathological) by interchanging building blocks. Furthermore, these methods are inherently scalable; many nearly identical tissue constructs can be prepared without the need for complex or specialized scaffolds. Finally, bottom-up approaches are ideally suited for studying the direct interactions between individual building blocks. Recent research has highlighted the importance of interactions between heterogeneous cell types on tissue behaviors, whether the interactions occur within an epithelium [4] [5] [6] [7] , between the epithelium and surrounding stroma [8] , or even between cells in different organ systems [9] . Although spatially organizing multiple heterogeneous cellular interactions can be challenging using top-down tissue engineering approaches, a multiplicity of interacting partners can be systematically incorporated using a modular, bottom-up approach.
This review focuses on bottom-up and directed-assembly approaches that utilize predefined building blocks to construct spatially defined multicellular structures containing more than one cell type. The goal of these methods is to mimic the cellular heterogeneity and physical arrangement of the modular repeating units found in mammalian tissues (Figure 1 ) by directing their assembly from simpler building blocks. This review will not focus on other techniques that control the spatial organization of tissues through organ printing, microscale technologies, genetic or optogenetic techniques, directed differentiation of stem cell or progenitor sources, or synthetically engineered genetic circuits. The reader is directed to several recent reviews for discussion of these topics [10] [11] [12] [13] [14] [15] .
Directing the bottom-up assembly of tissues using single cells as building blocks Control over the relative position of single cells provides the fine resolution necessary for probing interactions between neighboring cells in a tissue. This level of spatial resolution is required for recreating stem cell niches [16] or when rebuilding cell-cell connections found in fully differentiated tissues [17] . In some cases, a group of cells has the ability to self-assemble into specific structures at these length scales. Townes and Holtfreter famously found that dissociated cells from amphibian embryos would aggregate and self-sort into germ layers without outside intervention [18] . This strategy occasionally allows a multiplicity of cell types to self-organize in wells or in hanging drops [19] [20] [21] . However, isolated mixtures of cells of multiple types do not Box 1. The hierarchical organization of a modular organ: the breast The human breast contains an organized hierarchy of structures built up from modular units, from nanometer-sized proteins of the basement membrane to micron-sized cells to millimeter-sized tissues [80] . The bilayered epithelium of the mammary gland, for example, has two principle building blocks: luminal epithelial and myoepithelial cells. Considerable heterogeneity exists even within each of these cell types. For example, subpopulations of luminal cells express estrogen and progesterone receptors. When stimulated, these cells release growth factors triggering the growth of their neighbors. In addition, luminal and myoepithelial cells play distinct functional roles, serving to secrete and pump milk, respectively ( Figure Ia) . These cellular building blocks are organized into ducts and acini that are further supported by fibroblasts that synthesize and reside in a collagenous ECM. Endothelial cells provide additional support for these structures through a meshwork of capillaries delivering nutrients, facilitating circulation of lymphocytes, and relaying hormones from distant organs ( Figure Ib) . Ducts and acini are further organized into terminal ductal lobular units (TDLUs) that are surrounded by a secondary and specialized ECM containing a denser collagenous matrix and beds of adipocytes that add additional form to the organ ( Figure Ic) [80] . Finally, TDLUs are organized into multiple lobes that drain into large ducts, together delivering milk to the nipple [82] (Figure Id) . Although the overall architecture of the gland is drastically remodeled over the course of a woman's lifetime, the relative position of the different cell types with respect to each other and the modular organization of the organ remain constant in healthy tissue.
For this modular and hierarchically organized tissue to function, mechanical, chemical, and electrical signals must be detected by individual cells and transmitted across each hierarchy of the organ to synchronize cellular behaviors. Single epithelial cells integrate chemical and mechanical cues from the basement membrane, a specialized ECM, to maintain cell polarity and secrete milk [83] . Epithelial cells are also mechanically coupled with their neighbors and distant tissues via the cytoskeleton and the ECM, respectively [84, 85] . The cytosols of epithelial cells are chemically and electrically linked through gap junctions [86] , and an array of secreted and membrane-localized signaling proteins coordinate tissue homeostasis and function across the epithelium. Additionally, secreted endocrine factors link the mammary gland with stromal adipocytes, the nervous system, and other reproductive organs [87] . Processes such as breastfeeding require not only coordination between multiple cell types and modules within the breast but also between sensory cells in the nervous system, which further synchronize actions in distant organs to those in the breast. Although it is appreciated that overlapping signals across this hierarchy of building blocks are required for the higher order function of the breast and all other tissues, the structural organization of building blocks that serves as the foundation for the proper exchange of intercellular signaling events remains challenging to study. By spatially pre-organizing cells, tissues and organs, bottom-up and directed tissue engineering strategies aim to control and understand the exchange of signals between building blocks at all levels of structural hierarchy in the human body. always spontaneously organize into structures that mimic their tissue of origin without the aid of external ECM scaffolds. In the absence of these external positioning cues, bottom-up and directed-assembly techniques may be used to spatially position cells in relation to each other at the microscale. DNA-programmed assembly is a recently developed approach to direct the organization of multicellular structures in vitro with single-cell resolution [22] . Key to this approach is the covalent or non-covalent remodeling of the adhesive properties of the cell surface with single-stranded DNA (ssDNA). ssDNA is linked to the cell surface by several means. In one approach, cells are first cultured in the presence of an azide-modified monosaccharide that is incorporated into cell surface glycans. The accessible azides react with chemically modified oligonucleotides by Staudinger ligation [23] or [1,3]-dipolar cycloaddition [22] to covalently attach the DNA to the glycocalyx. In an alternative approach, N-hydroxysuccinimide-modified DNA is added to cell suspensions, where it reacts covalently with free lysines on the cell surface [24] . Lastly, lipid-DNA conjugates are added to culture medium where they passively partition into the cell membrane for non-covalent cell surface modification [25] [26] [27] . Labeling or binding other interacting biomolecules to cell surfaces will also direct the programmed assembly of cells, though these are often limited to only single pairs of interacting molecules [28] [29] [30] [31] .
Mixing different cell populations labeled with complementary ssDNA strands or molecules directs the formation of heterogeneous microtissues, whereas changing the ratios of labeled populations can be used to achieve discrete multicellular arrangements (Figure 2a ). This strategy has been used to recapitulate synthetic paracrine signaling networks [22] and to mimic immune cell homing to sites of inflammation [29] . More recently, a DNA-mediated programmed assembly approach was used to investigate the consequences of cell-to-cell variability among mammary epithelial cells during the dynamic process of morphogenesis [32] . Wild-type (WT) MCF10A mammary epithelial cells and derivatives with elevated Ras activation were labeled with ssDNA and combinatorially assembled to form homogeneous and mosaic microtissues of defined compositions. Mosaic epithelial aggregates assembled from single Rasactivated cells and WT MCF10A neighbors displayed emergent behaviors: Ras-activated cells were basally extruded or led motile multicellular protrusion that directed the motility of the surrounding WT cells across tens to hundreds of microns. Neither phenotype was observed in aggregates homogeneous for Ras-activated cells nor in aggregates assembled from single WT MCF10A cells with Ras-activated neighbors (Figure 2b,c) . Because this method controls the initial architecture of aggregates, the emergent phenotypes could be directly attributed to the underlying cell-to-cell variability in Ras activity.
DNA-programmed assembly of cellular building blocks enables the study of cell-cell interactions in the context of multicellular structures with precise spatial arrangements. Because essentially any cell type can be modified with ssDNA using the various DNA-labeling methods outlined above and a nearly unlimited set of orthogonal DNA sequences is available, DNA-programmed assembly can be used to reconstitute various complex heterotypic cell-cell interactions for study. Importantly, unlike in genetic engineering, the DNA used to program cellular interactions is temporary and degrades rapidly at 37 8C to leave unmodified interacting cells [24, 25] . This technique closely apposes interacting cell surfaces and is ideally suited for the study of multicellular circuits that operate over short distances. Interactions amenable to study with this approach include those mediated by electrical and chemical signals through gap junctions [33] , short-range mechanical signals coupled to the cytoskeleton [34] , juxtacrine signaling such as through the Notch pathway [35] , and shortrange paracrine signaling such as through the Wnt and Hedgehog pathways [36, 37] . However, because products of microscale cell-cell assembly have been limited to around 100 microns in diameter, cell-cell interactions that occur between neighboring or distant tissues or tissue compartments have evaded study using this strategy alone. Access to these larger structures might be achieved by combining programmed assembly with top-down techniques or by using the products of programmed assembly themselves as building blocks for further elaboration.
Directing the bottom-up assembly of tissues using cell sheets and aggregates as building blocks Many tissues and organs contain repetitive subunits comprising groups of cells with dimensions of hundreds of microns to a millimeter. Such structures include pancreatic islets, lymph nodes, and the lobules of the breast and liver. Most cells within these repeating units are fully differentiated and structurally integrated with their neighbors and the ECM. Therefore, approximating these units with cell aggregates that contain fully formed cell-cell Review 12 junctions may provide a means of constructing tissues at larger length scales than can be achieved from assembly of single cells alone. Spherical cell aggregates of the appropriate size have been engineered using top-down molding techniques and then assembled within microwells into larger structures of various shapes and sizes [38] [39] [40] [41] . Such an approach has been used to combine aggregates of human fibroblasts and rat hepatoma cells. When precultured together in spheroids, these two cell types self-sort into an inner core of fibroblasts surrounded by hepatoma cells. When directed to assemble in rectangular molds, these precultured Quantification of the emergent behaviors in homogeneous and mosaic aggregates. Mean values of greater than 500 observations are displayed, with error bars representing the standard deviation of the mean. WT, wild type; Ras, Ras-activated MCF10neoT. Reproduced with permission from [32] .
spheroidal building blocks fuse into a rod but maintain the fibroblast cores for at least 24 hours [40] (Figure 3a-c) .
Directed assembly with globular cell aggregates (Table 1) has been demonstrated only with modules of a single type, though the same basic strategy should be applicable to modules made of different cell types. However, the overall architecture in large assemblies of cell aggregates may require further structural support from the microenvironment to be stable over the long term [39] . Cell sheets have also been used as building blocks and can be stacked manually to build macroscopic tissue structures. Sheets are cultured in suspension or released using thermal-or ion-sensitive coatings [42] [43] [44] . Single sheets have been made from various cell types, including fibroblasts, endothelial cells, and epithelial cells [45, 46] . Cell-cell adhesions and secreted ECM components are maintained in lifted sheets [47, 48] , which can also promote tissue-like functions that are not observed with dissociated cells [49] . 3D tissue constructs comprising various cell types can be prepared by manually stacking different cell sheets. For instance, myoblast cell sheets intercalated with either layers, lines, or dissociated human umbilical vein endothelial cells (HUVECs) [50] [51] [52] (Figure 3d ,e) formed vascular networks in vitro that could integrate with host vasculature in vivo when grafted subcutaneously into rats [52] .
By starting with multicellular building blocks with an established geometry, directed assembly of cell aggregates of different cell types can be used to design and spatially position tissue-sized networks of interacting cells. These higher-order structures are amenable to further elaboration with layers of individual cells. For example, pancreatic islets isolated from rodents were labeled with lipid-modified DNA and surrounded with mammalian cells bearing complementary DNA to provide a barrier function to the sensitive cell aggregates [53] . In principle, such a strategy could also introduce components of the surrounding tissue stroma to provide additional trophic support between modular units. The modular organization of assembled building blocks may also be stratified with exogenous ECM-like components to mimic tissue architectures of increasing complexity.
Directing the bottom-up assembly of tissues using cellladen hydrogels as building blocks The minimal functional unit of many tissues comprises small groups of structurally organized cells embedded in specialized ECM. Collections of these functional units are further organized in 3D space within additional ECM that is frequently of a different composition. The terminal ductal lobular units (TDLUs) and the intervening adipocyte-rich regions of the mammary gland exemplify this organization (Box 1). These structures should be modeled with explicit inclusion of spatially segregated ECM-like materials in building blocks, particularly when matrix components are critical to cell and tissue function or when the cells cannot generate the volume and composition of the ECM found in biological tissues on their own. Fortunately, many natural and synthetic polymers are available for designing ECMlike hydrogels with specific structural and mechanical properties to mimic different tissues within the human body [54, 55] . Although ECM-like materials can be incorporated into tissues by mixing microspheres of hydrogel with individual cells [56] , cell-laden hydrogel modules with dimensions of hundreds of microns to millimeters are closer in size to the ECM-encapsulated repeating units found in many tissues in vivo. Therefore, these may be a more tractable building block for constructing interactions between repeating units within tissues or organs. The straightforward packing of modular cell-laden hydrogel units into a defined space can direct their assembly into larger structures. Such an approach was used with building blocks of cell-laden and collagen-based cylinders covered with an endothelial cell layer [57, 58] . The authors assembled multiple endothelium-coated cylinders containing rat myocardiocytes onto a planar nylon filter then added temporary alginate glue. The resulting modular tissue formed a sheet-like structure that contracted on electrical stimulation [57] . Collagen hydrogels containing different cell types have also been assembled into a linear array using microfluidics to constrain hydrogel orientation [59] .
In contrast to the random but constrained assembly of subunits, directed-assembly schemes can guide the formation of a multiplicity of hydrogel building blocks into more defined structures. Assembling submillimeter-sized polyethylene glycol (PEG)-based hydrogels in hydrophobic media, for example, promotes the self-association of the hydrophilic objects. Hydrogel building blocks containing two different cell types can be prepared by sequential photolithography steps that meld two concentric rings of cell-laden PEG hydrogel together into a single unit (Figure 4a ). Additional assembly of these two-component building blocks into linear arrays generated tubes containing an inner layer of endothelial cells surrounded by smooth muscle cells that mimicked the architecture of vasculature [60] (Figure 4b ). Another way to generate spatially defined heterogeneous tissues using this directed-assembly method is to mix two different populations of hydrogels containing different cell types; changing the ratio of these two hydrogel monomers can bias the composition of the end products [61] . Nanofibers added to hydrogel monomers can provide additional mechanical coupling between modules, facilitating cell differentiation and tissue function [62] . An additional level of control over the interface between two populations of hydrogel-embedded cells can be added by using gels with lock-and-key designs (Figure 4c,d ) to access precise architectures with controlled stoichiometries of building blocks [61] (Figure 4e,f) .
Similar to cellular building blocks, hydrogels can also be labeled with ssDNA or other biomolecules to program their assembly. Such an approach avoids the necessity to fabricate hydrogel units of complex shape but requires additional chemical labeling steps either before or after fabrication. A two-step approach was used to label uniform, spherical PEG-based hydrogel units with streptavidin, followed by modification with biotinylated ssDNA [63] . Additional control of building block positioning was demonstrated by annealing the ssDNA-coated hydrogels onto microarray templates or by directed assembly of two populations of hydrogels bearing complementary ssDNA on their surfaces (Figure 4g ). Recent reports suggest that additional control over interfacial interactions between hydrogel building blocks using non-biological molecules could add further complexity to tissues engineered at this length scale [54, 64] .
Due to advances in top-down fabrication techniques, hydrogel building blocks of various sizes, shapes, and compositions are readily designed to mimic architectures and interfaces observed in tissues in vivo. The density of cells within the hydrogel units can also be controlled, though achieving tissue-like cell densities may require extended periods of culture [59] . Because cells are physically constrained within the building blocks, cell-laden hydrogels may be especially appropriate for studying the exchange of soluble factors between different cell populations [56] . Moreover, hydrogel compositions can be adjusted using biologically derived or synthetic polymers [65, 66] designed to match the physical and chemical properties of ECM of specific tissues, or to probe the consequence of changing ECM properties on cellular behaviors. Such control would be especially useful for modeling tissues that contain multiple compartments with different matrices and cell types, such as between neighboring TDLUs in the breast. Finally, cellladen hydrogels of various levels of complexity can be implanted in vivo. In one example, gel-encapsulated cells coated with an endothelial layer show enhanced survival and differentiation, as well as a favorable host response to growth factors secreted by the encapsulated cells [67] [68] [69] .
Considerations
The techniques outlined here are designed to direct the assembly of cells into a specific position relative to other cells in the context of a multicellular tissue. To form a functional tissue, however, the cells incorporated into building blocks must also retain the capacity to interact properly with their neighbors and to deposit and remodel their own ECM. Unfortunately, established cell lines propagated in 2D culture are frequently used as building blocks in tissue engineering applications. In these cell lines, tissue-specific gene expression patterns and cell surface proteins necessary for directing heterotypic cell-cell interactions are often downregulated or lost [70, 71] . In fact, even primary cells can begin to lose markers of differentiation after brief growth on tissue-culture plastic [72, 73] . Therefore, care must be taken to validate that the cell types used in an engineered tissue retain expression of appropriate markers of differentiation and the ability to interact with neighboring cell populations.
Optimization of other components in the microenvironment may also be required for assembled cells to transition to tissue-like organization [74] . For instance, ECM components and soluble factors in tissues can be extremely dynamic [75, 76] and may differ substantially from formulations typically used in culture. Because the chemical, mechanical, and structural organization of ECM can affect tissue and cell behaviors [77, 78] , use of smart materials with adjustable and controllable properties, such as encapsulating hydrogels, could allow for dynamic control of the ECM and aid the proper morphogenesis of the engineered construct [79] . Additionally, secreted molecules can be integrated into the design of tissue modules for gradual release [22, 68, 69] or the necessary secreted factors could be delivered and controlled externally such as through microfluidics or photo-uncaging.
Concluding remarks
The applications of bottom-up strategies for directing the assembly of specific tissue architectures are still in their infancy, but they have potential to address important questions relating cellular organization to the coordination of multicellular behaviors. At the spatial resolution of single cells, directed assembly strategies will aid the study of stem cell niches from multiple tissue types, with respect to both their structure and composition. These methods will also benefit the study of cell-to-cell variability in gene expression or pathway activation in normal and diseased tissues. Finally, these methods will provide a means of studying the coordination of cellular behaviors during processes such as morphogenesis and tissue repair. At the larger spatial resolution of cell aggregates and whole tissues, directed-assembly strategies will impact the field of regenerative medicine as well as the study of mechanical and chemical coupling of cell groups, particularly between epithelial cells and the components of the stroma.
Numerous opportunities exist for improving the directed assembly of tissues (Table 1) . One avenue of interest is in the combination of the various approaches described above to direct the hierarchical assembly of tissues with spatial precision across multiple length scales, spanning that of single cells to full organs. Some progress along these lines has been made [53] or would be a logical extension of existing work [63] . Another opportunity will be in directing the assembly of anisotropic or asymmetric tissue structures. Finally, introducing genetic circuits into modules to control interactions between neighboring cells or tissues will provide additional mechanisms for engineering the processes of development and morphogenesis. We anticipate that progress towards these challenges, better integration with top-down engineering techniques, and new applications will be forthcoming in this exciting area.
